issues worldwide. Removal of volatile organic compounds (VOCs) such as acetaldehyde and toluene from our living spaces, associated with sick house syndrome, is strongly desired. Purification of waste water is vital to improve the effective availability of water resources within the natural water circulation. The design of clean, safe, and efficient systems as well as materials to solve the se issues is very important and should be undertaken with great urgency. Titanium dioxide (TiO2) based photocatalysts have been recognized as a very promising system for the degradation of undesirable organic compounds in water and air under environmentally benign conditions using only light as the energy source 15) 22) . TiO2 has various advantages such as high chemical stability, low cost, and nontoxicity to the human body and environment. Under UV irradiation, photo-formed electron-hole pairs in TiO2 induce various redox reactions. Self-cleaning effects and photoinduced unique surface wettability changes can be developed by applying coating technologies based on TiO2-based photocatalysts 19 ),23) 25) . Most organic compounds causing air and water pollution can be removed through total oxidation into CO2 and H2O by application of TiO2-based photocatalysts. However, the concentration of the target organic compounds in the aqueous medium or atmosphere is extremely low in many cases. Therefore, the adsorption and condensation processes of target organic compounds on TiO2 and its surroundings are important to improve the photocatalytic performance for environmental purification.
Utilization of porous siliceous materials as a support for TiO2 photocatalysts can create more efficient photocatalytic reaction systems. We have designed various types of TiO2-loaded porous siliceous materials with additional functions. Their surfaces and functional nano-spaces have the potential to allow the design of many useful functions. Control of the properties of the surfaces of the supports or TiO2 has been achieved, resulting in enhanced performances related to adsorption and photocatalysis in the treatment of organic compounds in water and air at low concentrations.
The present review summarizes our recent experimental findings on the utilization of porous siliceous materials as a support in the development of high performance TiO2 based photocatalysts using (i) zeolite, (ii) mesoporous silica and (iii) macro-mesoporous silica. We especially describe various modification techniques and functions of nanospace in the adsorption assisted photocatalytic reactions.
TiO2 Photocatalyst Loaded on Zeolite
Zeolites, aluminosilicate microporous materials formed by crosslinkage of SiO4 Since these electrostatically polarized cation-exchange sites act as strong adsorption sites for polar molecules, zeolites have long been utilized as cation-exchangers and adsorbents, and H -exchanged zeolites as useful s oli d aci d catal yst s i n the pet rol eum indust ry. Furthermore, the defined micropore channel systems with narrow pore size distributions offer large surface areas available for adsorption and provide a molecular sieving functions toward the reactants. The chemical composition of zeolites used as supports for TiO2 photocatalyst, such as SiO2/Al2O3 ratio and cation type, topology, and morphology (crystallinity, surface area, pore diameter, and particle size), have significant impacts on the photocatalytic activity of TiO2 26), 27) . Figure 2 compares the photocatalytic activities of TiO2 photocatalysts supported on various types of zeolite supports, together with the water adsorption capacities and surface areas of the zeolite supports. Note that 10 wt% of TiO2 was incorporated in zeolites by the conventional wet impregnation method using titanium ammonium oxalate ((NH4)2[TiO(C2O4)2]) dissolved in water as a titanium precursor followed by calcination at 823 K in air to prepare fine TiO2 particles within the micropores of the zeolite. The photocatalytic activity was evaluated by photocatalytic degradation of 2-propanol diluted in water under UV irradiation. Zeolites with higher SiO2/Al2O3 ratios clearly had higher photocatalytic activities, irrespective of the Photocatalytic activities were determined by the photocatalytic degradation of 2-propanol diluted in water under UV irradiation (λ 250 nm). . This relationship can be well explained by the adsorption behavior of water molecules, which are the dominant species in the aqueous medium.
As summarized in Fig. 2 , LTA-zeolite, and X and Y-type zeolites with lower SiO2/Al2O3 ratios, such as NaA(2.1), NaY(2.5) and HY(5.0), had higher water adsorption capacities, reflecting their intrinsic hydrophilic nature due to the activity of the abundant Na or H cations in the zeolite framework as strong adsorption sites for water molecules via electrostatic interactions. On the other hand, zeolites with higher SiO2/Al2O3 ratios, such as HY (40), HY(200) and ZSM-5(760), had lower water adsorption capacities, reflecting their increased hydrophobicity due to the reduced number of Al-related adsorption sites and the electrostaticallyneutral siliceous surface. Therefore, water molecules potentially act as an inhibitor in the aqueous medium by interacting with the cationic surface and hindering the diffusion of hydrophobic organic reactants, and so slow the photocatalytic reaction. This comparative study indicates that, in TiO2-zeolite hybrid photocatalytic systems, the photocatalytic activity has a strong correlation with the surface hydrophilic-hydrophobic properties of the zeolite supports dependent on the SiO2/Al2O3 ratio rather than other structural factors, and the hydrophobic pore space provides a more suitable environment for the TiO2 photocatalyst by facilitating adsorption and transportation of organic reactants onto the active TiO2 sites.
In the preparation of TiO2 and Y-zeolite composite photocatalysts, the TiO2 precursor strongly affects the photocatalytic characteristics in the degradation of organic compounds in air and water due to the varying adsorption properties and crystallinity of TiO2 28), 29) . Comparative studies were carried out using hydrophobic Y-zeolite with high SiO2/Al2O3 ratio (SiO2/Al2O3 810), which has high hydrophobicity and is commercially available, and two different TiO2 precursors, titanium ammonium oxalate ((NH4) . Consequently, AF _ TiO2/Y has relatively high crystallinity due to the effect of fluorine groups contained in the precursor. Water adsorption isotherm measurement found that the amount of water adsorbed on AF _ TiO2/Y was quite low up to relative pressure, P/P0 0.8 ( Fig. 3) . The adsorbed amount of water at around P/P0 0.2 was 15 mg/g (AO _ TiO2/Y) and 4.5 mg/g (AF _ TiO2/Y), showing the good surface hydrophobic property of AF _ TiO2/Y. Calcination to change the precursor to TiO2 can generate HF gas during the thermal decomposition of (NH4)2[TiF6], which can react with surface hydroxyl groups on Y-zeolite to form fluorinated groups, which result in a quite hydrophobic surface. In addition, the powder color of AO _ TiO2/Y was simple white, whereas AF _ TiO2/Y was clear yellow. Visible light absorption from 400 to 500 nm in AF _ TiO2/Y was probably induced by the doping of nitrogen and fluorine into TiO2 in the calcination process. These enhanced properties are strongly associated with the adsorption, condensation and photocatalytic degradation processes of organic molecules. In fact, AF _ TiO2/Y exhibited higher conversion rate for the photocatalytic degradation of 2-propanol diluted in water under UV irradiation (Fig. 4) . The concentration of 2-propanol gradually decreased by decomposition to CO2 and H2O via the formation of intermediate substances, such as acetone. Under visible light irradiation (λ 420 nm), only AF _ TiO2/Y showed photocatalytic activity. No photocatalytic activity was observed in AO _ TiO2/Y as predicted by the light absorption property. Therefore, fluorine-containing TiO2 precursor was quite effective for enhancement of the photocatalytic characteristics of composites through higher hydrophobicity of Y-zeolite as a support, improved crystallinity of TiO2, and increased visible light sensitivity. 
TiO2 Photocatalyst Loaded on Mesoporous Silica
One of the critical drawbacks of the TiO2-zeolite hybrid photocatalytic system is the limit to the adsorbable molecule size due to the narrow channel size of zeolites ( 2 nm). Larger pore sizes (2-50 nm) would allow the uptake of larger molecules and tunable structural features, so mesoporous silica has been considered as an attractive alternative support to zeolites for TiO2 photocatalyst. In contrast to expectations, TiO2 photocatalyst supported on bare mesoporous silica typically exhibits subpar photocatalytic activity compared to unsupported bulk TiO2 photocatalyst due to the high affinity with water molecules arising from the hydrophilic nature of the amorphous silica surface. To improve the hydrophobicity of mesoporous silica, a surface modification technique using silane coupling agent has been proposed. Post modification of the silica surface using silane coupling agent is one of the generalized methods for tailoring the surface morphology and physicochemical properties of silicate materials. Organosilanes with hydrophobic functional groups (e.g. methyl, propyl, octyl, phenyl etc.) are conventionally used, but the resultant organo-functionalized materials are easily combusted in air, and silanol ( S _ OH) groups are regenerated to form a hydrophilic surface, which does not meet the requirements for loading TiO2 photocatalyst if high-temperature annealing is required for crystallization of TiO2 fine particles 32) 35) .
To solve this problem, we prepared hydrophobic mesoporous silicas using a fluorine-containing silane coupling agent, triethoxyfluorosilane (TEFS), instead of conventional organosilane coupling agents 32), 33) . Figure 5 schematically illustrates the surface modification in TiO2-mesoporous silica photocatalytic systems. Grafting of the optimal amount of TEFS onto HMStype mesoporous silica (pore diameter of ca. 2-3 nm) dramatically decreased the water adsorption capacity compared to pure HMS without significant loss of surface area or pore volume (Fig. 6) . Furthermore, the modified HMS was thermally stable up to 773 K, at which the organic functional groups attached to the silica surface are normally combusted. Therefore, this post modification method provides another approach to fabricating hydrophobic silica materials with preserved Photocatalytic reaction was performed at 298 K in a quartz reaction vessel containing an aqueous 2-propanol solution (2.6 mmol/L, 25 mL) and the sample (50 mg). structural and thermal stability. The effect of this modification on the photocatalytic activity of supported TiO2 was evaluated by the degradation of 2-propanol and phenol diluted in water under UV irradiation. As shown in Fig. 7 , the photocatalytic activity was significantly improved for the TiO2 photocatalysts supported on TEFS-modified HMS (FSn-HMS (n 2, 4, and 6), where n corresponds to the molar ratio of TEFS per Si, 20, 40, and 60 mol%, respectively) which outperformed commercial bulk TiO2 photocatalyst (Evonik, P25 ® ), whereas TiO2 photocatalyst supported on unmodified HMS was less photoactive than bulk TiO2. The photocatalytic activities corresponded well to the adsorbed amount of organic molecules, proving that the effect of support hydrophobicity on adsorption is critical for determining the photocatalytic degradation rate, i.e. hydrophobic pores with smaller interaction with water molecules allow smooth passage of organic reactants and easy access to the TiO2 active sites, resulting in higher photocatalytic efficiencies.
We have also developed the modification of mesoporous silica surfaces for enriching the target organic compounds in air and water. Incorporation of calcium phosphate (CaP) minerals into TiO2-loaded mesoporous silica (TiO2/SBA-15) surface was successfully achieved by a facile sol-gel process 36), 37) . Absolute ethanol solution of phosphoric pentoxide (P2O5) and calcium nitrate tetrahydrate was used in this process. The Ca/P ratio in the precursor solution was adjusted to ca. 1.67. In the presence of water, H3PO4 was formed through the hydrolysis of P2O5. Evaporation-induced impregnation of the precursors was carried out in the absence of water. TEM showed the strip-like pore channels of SBA-15 were clearly observed over a large domain, and no aggregated particles were present after CaP modification. The SBA-15 surface was uniformly covered by CaP, and so had hydrophilic nature with good affinity for various organic compounds. As shown in Fig. 8 , the absorption capacity and photocatalytic activity of samples were tested using methylene blue (MB) as a model contaminant in water. High pore occupancy of MB was achieved due to the high affinity of CaP to MB in water. MB with positively charged nitrogen-alkyl groups could be easily enriched on the surface of CaP through electrostatic interactions 36) . TiO2/SBA-15 also exhibited photocatalytic performance in the degradation of MB after CaP modification under UV irradiation. A moderate adsorption capacity is suitable for the improvement of photocatalytic degradation performance of MB in water. Enrichment of MB results in reduced diffusion distance from the adsorption sites of MB to the photocatalytically active TiO2 surface, which improves the photocatalytic performance.
Recently, nanostructured carbon materials such as carbon nanotubes and graphene have revealed exciting research fields 38) 40) . These carbon materials often show hydrophobic nature and act as good adsorbents of organic compounds. Apart from the surface modification of mesoporous silica, selective modification of the TiO2 surface supported on mesoporous silica (TiO2/ MCM-41) by graphene was successfully achieved using Photocatalytic activities were determined by photocatalytic degradation of 2-propanol in water (2.6 mmol/L) and phenol diluted in water (0.23 mmol/L) under UV irradiation (λ 250 nm). the specific reactivity of hydroxyl groups on the TiO2 surface 41) . Unique and specific reactivity was observed in the reaction between the surface hydroxyl groups on TiO2 and the hydroxyl groups of aromatic molecules (e.g. phenol, catechol and salicylic acid) 42) 45) . These aromatic molecules were adsorbed onto the TiO2 surface to form surface complexes through the dehydration reaction. Graphene was selectively formed on the TiO2 surface through the formation of surface complexes between TiO2 nanoparticles and 2,3-dihydroxynaphthalene (DN), following carbonization under N2 flow at 1073 K (Fig. 9) . The pore structure and the high surface area of MCM-41 were retained even after these modification processes. Water and 2-propanol adsorption isotherm measurement showed decreased water adsorption capacity and increased 2-propanol adsorption capacity after graphene modification of the TiO2 surface on MCM-41 (Fig. 10) . After graphene modification, improved photocatalytic performance was observed in the degradation of 2-propanol. Adsorption of 2-propanol was good, but the photo catalytic activity was decreased at higher graphene contents. Light absorption of TiO2 and accessibility of molecules were probably decreased by extensive graphene modification of the TiO2 surface. As a consequence, moderate graphene modification was found to optimally enhance the photocatalytic activities of TiO2/MCM-41 for the decomposition of 2-propanol in water due to the appropriate adsorption properties of organics onto the surface of TiO2.
Fig. 7 C o m p a r i s o n o f P h o t o c a t a l y t i c A c t iv i t i e s o f Ti

T i O2 P h o t o c a t a l y s t L o a d e d o n M a c r omesoporous Silica
Well-known porous siliceous materials such as zeolite and mesoporous silica are often used as supports for TiO2-loaded photocatalysts. However, the importance of the voids on the macroporous scale have not been fully investigated. Macropore size is relatively larger than micropore and mesopore sizes, which are also expected to act as functional nanospace. Porous materials with three-dimensionally ordered macroporous (3DOM) structures are mainly synthesized using spherical polymers as a hard template 46) 53) . These particles were easily removed from the target products by heat treatment and solvent extraction.
We synthesized porous silica with hierarchical macroporous and mesoporous architectures (MacroMesoSiO2) by a solvent evaporation method using the same precursor solution for synthesis of mesoporous silica (Meso-SiO2) and poly(methyl methacrylate) (PMMA) colloidal crystals (Fig. 11) , which were used as supports for TiO2 photocatalyst 53) . Hierarchical macro porous silica (Macro-SiO2) was also synthesized by the same procedures without using organic surfactant. The interstitial space of the assembled PMMA particles was used for solidification of the precursor solution. Porous materials with one or both types of pores, i.e., ordered mesopores and hierarchical macropores, were obtained after calcination for removal of the templates. TiO2 loadings on the three types of porous silica supports were performed by a conventional impregnation method. Scanning electron microscope (SEM) of TiO2/MacroMeso-SiO2 clearly showed the presence of interconnecting macroporous networks. TiO2/MacroMeso-SiO2 has uniformly segmentalized Photocatalytic reaction and evaluation of adsorption capacity was performed at 298 K in a quartz reaction vessel containing an aqueous 2-propanol solution (2.6 mmol/L, 25 mL) and the sample (50 mg). Adsorption time of 2-propanl was fixed at 0.5 h. The relative water adsorption capacity was calculated by the adsorbed amount of water on the sample at P/P0 0.4. 18 mL/g). Construction of the macroporous structure did not greatly contribute to increased surface area. The relatively large surface area of TiO2/ MacroMeso-SiO2 mainly resulted from the uniform mesoporous structure. Figure 12 shows the equilibrium adsorption of phenol (PH) and bisphenol A (BPH) in water, and the apparent rate constant in the photocatalytic degradation of PH and BPH. The molecular sizes of PH and BPH in the long axis direction are ca. 0.7 nm and 1.3 nm, respectively. The adsorption capacity had no effect on the degradation of PH (Fig. 12(A) ). The order of apparent rate constants corresponded to the order of the crystallinity of TiO2. XRD indicated that the TiO2 particles formed on Meso-SiO2 had relatively high crystallinity. The sizes of both mesopores and macropores were relatively large as compared to the molecular size of PH, so diffusion of PH was unlikely to cause any limitation in the reaction system. The good crystallinity of TiO2 was important for reducing the recombination probability in this system. On the other hand, the adsorption capacity and apparent rate constant showed strong relationships in the photocatalytic degradation of BPH in water (Fig. 12(B) ). The inverse order between crystallinity of TiO2 and apparent rate constant wa s c l e a r l y o b s e r ve d i n t h i s r e a c t i o n s y s t e m . Combined nanostructures of ordered mesoporous and h i e r a r c h i c a l m a c r o p o r o u s s t r u c t u r e s i n Ti O2/ MacroMeso-SiO2 are effective to reduce the diffusion limitation of relatively large BPH. In fact, TiO2/ MacroMeso-SiO2 exhibited quite high photocatalytic performance in the decolorization of methylene blue (MB: ca. 1.6 nm in the long axis direction) in water. Considering the correlation of the adsorption behavior and apparent rate constant in the photocatalytic reaction, the adsorption of organic compounds on TiO2 and surroundings is also apparently crucial for the improvement of photocatalytic performance. Consequently, the utilization of combined structures of ordered mesoporous and hierarchical macroporous architectures exhibited superior adsorption capability and photocatalytic performance for the degradation of relatively large organic molecules. Photocatalytic reaction and evaluation of adsorption capacity was performed at 298 K in a Pyrex glass reaction vessel containing an aqueous pollutant solution (0.1 mmol/L, 10 mL) and the sample (10 mg). Adsorption time was fixed at 0.5 h. 
Conclusion
In this review, we have described our investigations of the design of TiO2-loaded porous siliceous materials and application to the photocatalytic purification of air and water. The surface properties of porous siliceous materials strongly affect the photocatalytic performance. The adsorption profiles of target organic compounds could be controlled by changing the surface composition (SiO2/Al2O3 ratio) in zeolite as well as by surface modification using fluorine, silane coupling agent (TEFS), calcium phosphate and graphene in mesoporous silica for the improvement of photocatalytic performance. The shape and structure of porous siliceous materials, i.e. the combination of ordered mesopores and hierarchical macropores, also has potential for the design of more efficient systems. The adsorption and enrichment of organic pollutants strongly relies on the properties of porous siliceous materials. These techniques are effective methods to facilitate further progress and new applications of TiO2-based photocatalysts in related research fields. 
